Our objective was to validate a commercially-available ELISA to measure antibody titers against Epstein-Barr virus (EBV) in dried blood spots (DBS) to replace a previously validated assay for DBS that is no longer available. We evaluated the precision, reliability, and stability of the assay for the measurement of EBV antibodies in matched plasma, fingerprick DBS, and venous blood DBS samples from 208 individuals. Effects of hematocrit and DBS sample matrix on EBV antibody determination were also investigated, and the cut-off for seropositivity in DBS was determined. A conversion equation was derived to enable comparison of results generated using this method with the former DBS method. There was a high correlation between plasma and DBS EBV antibody titers (R 2 = 0.93) with very little bias (−0.07 based on Bland-Altman analysis). The assay showed good linearity, did not appear to be affected by the DBS matrix, and physiological hematocrit levels had no effect on assay performance. There was reasonable agreement between DBS EBV titer estimates obtained using this assay and the previously-validated assay (R 2 = 0.72). The commercially-available ELISA assay for EBV antibody titers that we validated for use with DBS will facilitate continued investigation of EBV antibody titers in DBS.
Introduction
Epstein-Barr virus (EBV) is a latent herpesvirus currently estimated to infect approximately 95 percent of the world's adult population (Cohen 2015) . Although individuals infected with EBV remain lifelong carriers, EBV titers typically remain at low levels due to control of the virus by the healthy immune system. However, suppression of cell-mediated immunity under conditions of psychosocial stress, such as caregiving for a family member with Alzheimer's disease (Kiecolt-Glaser et al. 1987) , taking medical school exams (Glaser et al. 1994) , and space flight (Pierson et al. 2005) , has been shown to elevate EBV antibody levels in response to reactivation of latent EBV. In particular, upregulation of the hypothalamic-pituitaryadrenal (HPA) axis and increased production of glucocorticoids and catecholamines are thought to compromise the immune system, leading to reactivation of latent herpesviruses, such as EBV, and an increase in EBV antibody titer as the humoral immune system responds (Glaser and Kiecolt-Glaser 2005) . EBV antibody titers therefore serve as an indirect measure of cell-mediated immune function and represent a widely used biomarker of chronic psychosocial stress. Chronic, stress-induced immune dysregulation has numerous adverse health effects, including slow wound healing (Kiecolt-Glaser et al. 1995) , aggravation of chronic autoimmune disease (Kemeny and Schedlowski 2007) , promotion of tumor growth and metastasis (Powell et al. 2013) , and increased risk for infectious disease (Cohen et al. 1991; Sanchez et al. 2015) .
A dried blood spot (DBS) assay to assess EBV antibody titers was developed by McDade and colleagues in 2000 to facilitate research on stress and immunity in larger epidemiological, community-based studies than was previously possible using venous blood samples (McDade et al. 2000a) . Dried blood spots generally refer to capillary whole blood from fingerprick collected onto filter paper and subsequently dried, although blood collected by venipuncture can also be spotted on DBS cards. The low cost of capillary DBS collection and the ease of DBS sample collection, transport, and storage, especially in field-based settings, have led to the widespread adoption of this sampling technique in biological anthropology, epidemiological, and psychological research, among a variety of other disciplines (McDade et al. 2007 ).
Using EBV antibody titers in DBS as a biomarker of chronic psychosocial stress, the resulting studies have significantly advanced our understanding of the impact of stress due to economic development on quality of life scores in China (Inoue et al. 2014) , highlighted gender differences in the effects of stressful family dynamics in the young urban elite in Kabul, Afghanistan (Panter-Brick et al. 2008) , elucidated how shifting social conditions brought on by westernization have impacted adolescent health and well-being in Western Samoan youth (McDade et al. 2000b) , revealed how disparities in material wealth and socioeconomic status among indigenous Siberian herders affect immune function (Sorensen et al. 2009) , and shown how discrimination-related stress predicts EBV antibody titers in Latin America immigrants in the US (McClure et al. 2010) . DBS-based EBV antibody titers are also one of the biomarkers of interest in several large-scale epidemiological studies, including the National Social Life, Health, and Ageing Project (NSHAP) (Williams and McDade 2009 ), the World Health Organization's Study on global AGEing and adult health (SAGE) (Kowal et al. 2012) , and the National Longitudinal Study of Adolescent to Adult Health (ADDHealth) (Slopen et al. 2013 ).
Unfortunately, the specific immunoassay kit (Diasorin #7590) that was validated for use with DBS was withdrawn from the market due to a shift in Diasorin's corporate focus to a high-throughput, automated platform for performing a range of immunoassays (Liaison™).
Given the demonstrated utility of this biomarker for measuring immune dysregulation and chronic psychosocial stress, we initiated the present study to validate an alternative EBV ELISA assay for use with DBS samples.
Methods

Samples
As part of a validation study conducted at the University of Oregon, we collected matched finger-prick DBS (fDBS), venous DBS (vDBS), and plasma samples from a convenience sample of 208 adults (≥18 years) from the Eugene/Springfield, OR area between Nov 2014 and Feb 2015. Age range was 18 to 77 years, and M:F ratio was 120:88. The Institutional Review Board at the University of Oregon approved the study protocol and all participants gave written consent.
Fingerprick DBS collection followed an established protocol (McDade et al. 2007) . A finger prick was made using a sterile, single-use lancet and 10 full drops of capillary whole blood were collected per participant onto five Whatman 903 filter paper cards. Each Whatman 903 filter paper card contains five demarcated circles for collection of up to five drops of blood per card. We collected only two drops of blood per card (i.e., only 2/5 demarcated circles were used) but five cards per person for a maximum of 10 full drops of blood per person to minimize the number of freeze-thaw cycles that the cards would be subjected to during assay validation. Each drop corresponds to ~50 μl of blood. DBS cards were dried at room temperature for 4 hours, and then stored at −80°C until analysis. For venous collection, in order to create DBS cards and obtain plasma, participants had ~21 mL of blood (three 7-mL tubes) collected by a certified phlebotomist via venipuncture into EDTA-coated vacutainer tubes. One of the three tubes was used to immediately create venous DBS cards by pipetting five 50 μL drops of whole blood onto 15 Whatman 903 filter paper cards. These were dried and stored as described for fingerprick DBS. The second and third tubes of blood were immediately centrifuged for ~15 min to separate plasma. The plasma was removed and twenty 100 μl aliquots were placed in 2 mL cryotubes that were then immediately frozen at −80°C and stored until analysis.
ELISA protocol
The previously validated ELISA protocol for DBS was the quantitative/qualitative Diasorin ETI-VCA-G kit that targeted IgG antibodies against the viral capsid antigen protein p18 (McDade et al. 2000a ). After testing a number of commercially available EBV IgG ELISA kits targeting IgG antibodies to a range of viral capsid antigen proteins and exploring how the EBV titer values compared to those obtained previously using the Diasorin kit, we decided to focus on EBV ELISA kits that target IgG antibodies against the p18 protein of VCA to enable comparison with previous results and for longitudinal consistency in ongoing studies.
The Diamedix EBV ELISA kit (Fisher Scientific, Hanover Park, IL, Cat. #720-600) was developed for the qualitative and semi-quantitative determination of IgG antibodies to Epstein-Barr virus (recombinant) viral capsid antigen (EBV-VCA IgG) in human serum by indirect enzyme immunoassay. Wells of this assay kit are coated with a 47-kDa fusion protein of 53 amino acids from the c-terminal half of p18 of the VCA. To make this assay fully quantitative, we developed a standard curve using the high positive IgG control (stabilized human serum) sourced from the Mikrogen recomWell EBV-VCA IgG kit (Biosell Solutions Inc., Las Vegas, NV).
One 3.2 mm-diameter punch from a DBS card was eluted overnight at 4°C in 250 μl Diamedix sample B diluent. The following day, all reagents and the coated ELISA plate were allowed to equilibrate to room temperature for 1 hr. A standard curve was made by serial dilutions of the Mikrogen high positive IgG control to expected concentration (based on value provided on the label) using the standard diluent buffer to provide 7 calibration points (700 U/mL, 350 U/mL, 175 U/mL, 87.5 U/mL, 43.75 U/mL, 21.88 U/mL, 10.9 U/ mL). Note that these values reflect levels of anti-EBV p18, p23, and p54 IgG antibodies measured in the control sera samples provided with the kit, whereas the Diamedix kit will only measure anti-EBV p18. Sample B diluent was used as the zero standard. In addition, one high (EBV antibody titer >300 U/mL) and one low (EBV antibody titer < 10 U/mL) DBS control samples were included on every plate for quality control purposes. One hundred microliters of the standards or the eluted DBS samples were loaded in duplicate wells, and 38 samples were run per 96-well plate.
Plasma samples were diluted 1:100; however, if they were beyond the range of the standard curve, they were rerun at dilutions ranging from 1:200 to 1:1000. DBS samples with EBV-VCA IgG values beyond the upper range of the standard curve were eluted in 2-4 mL sample B diluent rather than the standard 250 μl of sample B diluent and rerun. After loading 100 μl of DBS eluate or plasma sample dilution per well, the protocol outlined in the Diamedix kit insert was followed. In more detail, the plate was allowed to incubate uncovered at room temperature for 30 ± 5 min. This was followed by a wash step (three washes with 300 μl 1X wash T buffer using a Biotek 405 LS plate washer). After excess wash buffer was tapped out by inverting the plate hard several times on paper towel, 100 μl conjugate was added to all wells using a multichannel pipettor and the plate was allowed to incubate uncovered at room temperature for 30 ± 5 min. The wash step was repeated as described above, and then 100 μl of substrate HRP was added per well, taking care to avoid bubble formation. The plate was placed uncovered in the dark and allowed to incubate for 30 ± 5 min. Stop N solution (100 μl) was then added to each well, and the plate was placed on a plate shaker at ~250 rpm for 1 minute to ensure complete mixing of the well contents. The plate was then read within 15 minutes at 450 nm using a reference wavelength of 630 nm (BioTek EL808 plate reader) and the standards were fit using a four-parameter logistic curve using Gen5 Data Analysis software (BioTek). Concentrations of DBS samples diluted in volumes greater than 250 μl (e.g. 2 mL) were multiplied by the corresponding dilution factors (x4). EBV titers for plasma samples that were diluted more than 1:100 were multiplied by the corresponding dilution factor e.g. (x10 if diluted 1:1000).
Plasma/DBS comparisons-The correlations between DBS VCA IgG titers and plasma VCA IgG titers and between fDBS and vDBS VCA IgG titers were assessed by linear regression analyses. To assess the consistency of estimates based on plasma versus DBS sample types and to assess if there was any bias, we performed Bland-Altman analysis. After converting the fDBS values to plasma equivalent values using the linear regression equation, we plotted the difference in fDBS and plasma values versus the average of these values and evaluated the bias and how many samples fell outside the 95 percent confidence intervals (Bland and Altman 1986) .
Linearity-To evaluate the precision of the assay results for different dilutions of sample, three vDBS samples with low, moderate, and high levels of EBV VCA IgG were diluted 1:2, 1:4, and 1:8 in sample diluent, and the measured concentrations were expressed as the percent recovery relative to the undiluted sample (observed concentration/expected concentration *100) after correcting for the dilution factor.
Spike & Recovery-We added low (30 U/mL) and moderate (100 U/mL) amounts of EBV VCA IgG antibodies to the eluate from two vDBS samples and compared the recovered concentrations with those measured for the same amounts of antibodies diluted in Sample diluent B. The results are expressed as the observed concentration (in DBS eluate)/ expected concentration (in sample diluent) after correction for the endogenous EBV antibody titer.
Intra-and inter-assay coefficients of variability (CV)-Inter-assay variability was calculated by taking the average concentrations of the high and low DBS controls for 12 plate runs and calculating the CVs. Intra-assay variability was calculated by running 38 samples spanning the range of the assay in duplicate on one plate; the intra-assay CV reported is the average of these individual CVs.
Limit of detection-We calculated the minimum detectable dose by adding two standard deviations to the mean optical density value of 20 zero standard replicates and calculating the corresponding analyte concentration from the standard curve equation.
Effect of hematocrit-To evaluate the effect of hematocrit on assay performance, four 7-mL EDTA-coated vacutainers of whole blood (~ 8 mL of blood per tube) were centrifuged at 1520 g in a Horizon Plasmafuge for 15 min to obtain packed red blood cells (RBCs; equivalent to a hematocrit of 100 percent), and the plasma was reserved. RBCs were then diluted with the reserved plasma to obtain samples with physiologically relevant hematocrit values of 30, 40, 50, and 60 percent and spotted onto filter paper. The sample with 50 percent hematocrit was assumed to be typical of most DBS and the values obtained for the other percentage hematocrit DBS were assayed and expressed as the percent recovery of the concentration in the 50 percent hematocrit sample (100 × observed/expected).
Conversion equation for Diasorin values-To enable direct comparison of EBV
antibody titers obtained using the Diamedix kit with those obtained using the Diasorin kit, we determined Diamedix EBV VCA IgG values from 42 fDBS samples (collected as part of the Shuar Health and Life History Project and stored at −20°C for ~5 years at the time of this assay) that had previously determined Diasorin EBV VCA IgG titers.
Seropositivity determination-To establish a DBS-based cutoff value, 18 individuals with low concentrations of EBV were identified, and matched plasma and fDBS samples were run on a single plate. The Diamedix kit classifies samples as having no detectable VCA IgG antibodies, equivocal for VCA IgG antibodies, or positive for VCA IgG antibodies based on a ratio referred to as the index value. The index value is the absorbance of the sample/mean absorbance of cut-off calibrator after subtraction of blank. To evaluate the index value for the plasma samples run on the plate, the cut-off calibrator supplied with the Diamedix kit was included in duplicate on the plate.
Freeze/thaw stability-Venous DBS cards from one individual with a high VCA IgG titer (~516 U/ml) were stored at −80°C after 4 h of drying and then subjected to 1, 2, 4, 8 and 14 cycles of freeze-thaw (22°C for 8 h then −80°C for 16 h) to reflect likely lab conditions; specimens were then stored at −80°C and assayed in a single batch. Percentage recovery was calculated relative to the titer in the sample thawed only once.
Analyte stability-Venous DBS card from one individual with a moderately high VCA IgG titer (~516 U/ml) was stored at 22°C (controlled ambient), 37°C (hot ambient), and −20°C (frozen) for 2, 7, 14, and 21 days after collection and then assayed on a single plate. Percentage recovery was calculated relative to the titer in the sample stored at −80°C after collection and drying and thawed only for the assay.
Results
Plasma/DBS comparisons
There was a very high linear correlation (R 2 = 0.93) between fDBS EBV antibody titers and plasma EBV antibody titers (y = 1.5x + 1.9) (Fig.1A) . We evaluated the correlation between fDBS and vDBS values for a subset of samples (n=31) and found the expected strong correlation between fDBS and vDBS values (R 2 = 0.89) with a slope of 1, indicating good equivalence between the fDBS and vDBS concentrations (Fig.1B) . Bland Altman analysis of the difference in fDBS and plasma values versus the average of these values indicated very little bias (−0.07), and only 13 of 208 values (6 percent) fell outside the 95 percent limits of agreement (−178.9 to 178). There was no consistent pattern to the distribution of these outliers. The mean EBV IgG titers and ranges for fDBS, vDBS, and plasma samples were as follows: 174.5 AU/ml [3.15 -1878 AU/mL, n=208], 391.1 AU/mL [18.4 -2896 AU/mL, n=31], and 266.4 AU/mL [1 -2621 AU/mL, n=208].
Linearity
Average percentage recovery of three venous DBS samples serially diluted in sample diluent B was 97.9 percent, with a range of 85-107 percent, indicating good assay linearity.
Spike and Recovery
In the spike and recovery experiment, percentage recovery ranged from 78 percent -107 percent, indicating that the DBS matrix is valid for the assay procedure.
Intra-and inter-assay CV
The intra-assay CV was 3.6 percent. The inter-assay CV for the high control was 6.6 percent, while that for the low control was 20.9 percent, yielding an average inter-assay CV of 13.7 percent, which is an acceptable inter-assay CV for an ELISA assay.
Lower Limit of detection
The lower limit of detection of the assay was 5.17 AU/mL.
Effect of hematocrit
Hematocrit had a negligible effect on sample recovery, with percent recovery (relative to the level in the 50 percent hematocrit sample) ranging from 94 to 123 percent (mean, 107 percent).
Conversion equation for Diasorin values
There was a fairly good correlation between the Diasorin EBV VCA IgG values and the Diamedix values (R 2 = 0.72), with a slope of 1.1 (Fig. 1C) , though there was some scatter for those samples with high EBV VCA IgG levels.
Seropositivity determination
By ranking the low EBV antibody samples according to their index values, and then examining the corresponding fDBS VCA IgG titers, we found that a value of 21 U/mL resulted in zero false positives, exclusion of two individuals with equivocal levels of VCA IgG, and one false negative. Use of this conservative value may mean that a few falsenegative individuals may be excluded from the analysis.
Analyte stability
The percentage recovery of EBV antibodies relative to the sample stored immediately at −80°C after drying for 4 hours was 96, 103, 106, and 88 percent after 2, 4, 8, and 14 freezethaw cycles, respectively. DBS cards stored at room temperature or −20°C showed no clear pattern of increase or decrease over time, whereas the EBV titer of the sample stored at 37°C was consistently lower than that of the sample stored at −80°C (Fig. 2) . Number of freeze-thaw cycles and storage at temperatures higher than −80°C therefore do not appear to have a large effect on EBV antibody titer, though exposure to high temperatures (>37°C) is not recommended.
Discussion
By allowing reliable indirect measurement of cell-mediated immune function, the analysis of EBV antibody titers has become a widely utilized tool for exploring the relationship between human psychosocial stress and immunity (Inoue et al. 2014; Kiecolt-Glaser et al. 1987; McClure et al. 2010; McDade et al. 2000b; Panter-Brick et al. 2008; Pierson et al. 2005; Powell et al. 2013; Sorensen et al. 2009) , and has become a focus of several large-scale epidemiological studies including SAGE (Kowal et al. 2012) and ADDHealth (Slopen et al. 2013) . Much of this work has arisen following initial validation of an ELISA for the quantitative assessment of EBV antibodies in fingerprick DBS (McDade et al. 2000a) . As for any analyte, the analysis of EBV antibodies in DBS offers numerous advantages over the traditional collection and assessment of venous blood samples, including reduced burden to participants and increased convenience to researchers owing to simplified sample collection procedures, storage, and transportation (Li and Lee 2014; McDade et al. 2007; Mei et al. 2001) . These characteristics have facilitated the recent and rapid expansion of EBV antibody assessment within new areas of research among traditionally understudied groups (e.g., children and the elderly) and within large community-based studies carried out across diverse ecological contexts (Kowal et al. 2012; Slopen et al. 2013 ).
The purpose of the present study was to describe and validate a commercially available ELISA assay for the quantitative measurement of EBV VCA IgG titers in DBS, providing a replacement for the original McDade EBV antibody DBS assay whose commercial components are no longer available. Through a rigorous series of validation tests, we determined that this new assay, based on modification of a commercially available kit, provides sensitive, reliable, and stable measurement of EBV IgG antibodies against the viral capsid antigen protein p18 in DBS prepared with capillary or venous blood. We note that we have evaluated assay performance in a large matched plasma-DBS sample set drawn from over 200 individuals. Using this sample size, we easily met the recommendation of The Clinical and Laboratory Standards Institute (Method Comparison and Bias Estimation using Patient Samples; Approved Guideline, 2nd edition) that at least 40 samples with analyte concentrations distributed over the analytical measurement range be included in the validation (Method Comparison and Bias Estimation using Patient Samples; Approved Guideline, 2nd edition).
Importantly, we have also demonstrated that DBS EBV antibody titers determined using the assay presented here compare closely to those obtained using the original protocol (McDade et al. 2000a ), and we have provided a conversion equation to allow for the conversion of values for between-protocol comparison. However, it should be kept in mind that the discrepancy between EBV antibody titers obtained using the Diasorin kit and those obtained using our new approach tends to increase at higher concentrations. This may reflect the larger measurement range of the new assay (10.2 -700 U/mL vs. 10 -400 U/mL), slight differences in plate coating antigens, and/or the use of DBS samples that have been in longterm storage at −20°C for several years and exposed to multiple freeze-thaw cycles. We therefore encourage caution when interpreting these results. Furthermore, we discourage the comparison of values obtained with the present assay to those obtained using protocols other than that of McDade and colleagues (McDade et al. 2000a) , particularly those measuring populations of antibodies other than VCA-p18.
Plasma EBV antibody titers were higher than matched DBS titers. This was not an unexpected finding, because DBS collection is a microsampling process. Mei and colleagues estimated that a 3.2 mm punch from a 100-μl dried blood spot contains only ~1.5 μl of serum at a hematocrit of 55 percent (Mei et al. 2001 ). Elution of a DBS punch in sample diluent therefore results in dilution of the analyte proportional to the volume of eluent and the initial amount of plasma in the punch. Because it is neither feasible nor practical to quantitate the exact amount of plasma in each punch, this dilution factor is unknown, in contrast to serum or plasma samples, and cannot be corrected for when comparing plasma and finger-prick values. The lower DBS values than plasma values likely indicate that EBV antibody titers in the DBS samples were diluted to a greater extent than the plasma samples. Conversion of DBS values to plasma equivalent values using the reported linear regression equation addresses this issue, but it should be kept in mind that the plasma equivalent values are more of a relative than an absolute indicator of circulating levels of EBV antibodies, given that we converted a semi-quantitative assay to a fully quantitative assay.
This study had several limitations. Most notably, we did not use a gold standard method of EBV antibody determination such as indirect immunofluorescence for comparison of values obtained through the new DBS assay. Thus, the accuracy of the assay was not fully evaluated. A second potential limitation of the present study is measurement of a specific population of IgG antibodies (i.e. IgG antibodies that recognize epitopes of the viral structural capsid antigen p18). Although multiple studies have demonstrated the value of measuring these VCA-p18 (Farber et al. 2001; McDade et al. 2000a; van Grunsven et al. 1994 ), this may not accurately reflect overall concentrations of diverse EBV antibodies. In addition, the absolute absorbance value of the high Mikrogen control used to make the standard curve dilution series is based on quantitation of p18, p23, and p54 EBV antibodies in human sera, whereas the Diamedix kit is specific for p18 EBV antibodies. The absolute values assigned to samples are therefore not likely to be strictly accurate, but will be entirely internally consistent in that the same EBV antibody population is being measured and compared among all samples and controls.
Furthermore, the Diamedix assay was validated by its manufacturer for serum samples rather than plasma samples; this may have introduced matrix-specific bias, but the excellent correlation between plasma and fingerprick DBS samples argues against this. Last, two separate kits have to be sourced to run this assay -a Diamedix kit, from which all reagents and the coated plate are used, and a Mikrogen kit, from which only the high positive calibrator is used.
In summary, we adapted a commercially-available ELISA assay for EBV antibody titers and validated it for use with dried blood spots. There was a strong positive correlation between DBS and plasma EBV antibody titers, and the assay showed good performance with DBS eluates. Results obtained using the approach outlined here can be compared to those obtained previously for DBS. Last, but not least, this method facilitates continued investigation of EBV antibody titers in DBS. Effect of different temperature storage conditions on EBV antibody titer. Data are expressed as the percent recovery relative to the titer measured for the DBS card stored at −80°C after collection and 4 hours drying at room temperature (RT). DBS cards were kept at −20°C (open squares), room temperature (RT, ~ 22°C, black triangles), or 37°C (gray circles) for 2, 7, 14, and 21 days.
